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the correction applied &t on the bunch slice is given by

Yise = —9Yipe- FOrg = 0, the correction is applied

Electron clouds have been shown to trigger fast growm§ . .
: i . N t the same location and time of the second measurement
instabilities on proton beams circulating in the SPS [1H an : .
and reduces to the formula given in [5§. = 1 was used

a feedback system to control the instabilities is undevacti . . o )

. in the calculations presented in this paper, meaning tleat th

development[2]. We present the latestimprovements to the . : ;

) . X orrection was applied at the location of the measurements,
Warp-Posinst simulation framework and feedback model,

and its application to the self-consistent simulationsaaf t With one turn delay. Finally, the feedback filter, which was
previously a sharp cutoff in frequency space using FFTSs,

consecutive bunches interacting with an electron cloud in e
the SPS. was replaced by a digital filter.

Abstract

APPLICATION TO THE STUDY OF
CODE IMPROVEMENTSAND FEEDBACK E-CLOUD EFFECTS IN THE SPS

MODEL
| h b q he The beam-electron-cloud interaction is modeled by a
mprovements have been made to the rameworé%ccession ofN, discrete interactions around the ring

Warp-Posinst [3] _toward hig_her efficiency, enabling Self'(“ecloud stations”). The modeling of two consecutive
consistent quel_lng of multi-bunch effects. Several f_e_abunches propagating in the SPS at injection was performed,
tures that exist in the Warp or Posinst core Capab.'“%sing the parameters from Table 1. In order to provide a
have been made gccessmle 10 thg Warp-Posm.st.quas.lst Uhsistent initial electron distribution, a prior builg-gim-
mod_el: mesh refmer_nent (enabhng_ more eff|c_|e_nt fiel lation using the code Posinst [7] was performed for a full
solving by concentratmg_th_e resolution where it is MOSkain of bunches, and the electron distribution was dumped
needed); secon(_iary emission of elec_trons at f[he V_\'alléfter the passage of bunch 34, chosen so that the electron
background gas ionization; and the option for using eIth'gﬂclduced tune shift of the subsequent bunches matched ex-
Posinst or Warp routines for pushing electrons and dete%’erimental data [2]. This particle dump was then used to

ing collisions at the chamber wall. ) initialize the Warp-Posinst simulation of bunches 35 and
The feedback model that was presented in [4] was mo 6 (i.e. 6 buckets of 25 ns)

ified so that the action of the feedback now takes the form

of a kick to the macro-particle velocity, rather than a dis-"peam energy Ey 26 GeV
placement of the transverse position, similarly to the mod- bunch population N, 1.1 x 10
els presented in [5, 6]. The formula that is used to predict rms bunch length o 0.23m
the correction is a generalization of the formula from [5], rms transverse emittance ¢z, 2.8,2.8 mm.mrad
allowing the placement of the feedback kicker at any loca- 'ms momentum spread Orms 2x107°
tion in the ring, and the kick to be applied an arbitrary num- Punch spacing Ay 25 ns
ber of turns following the latest measurements. Assuming Peta functions Py 33.85,71.87 m
two measurements of the average transverse dispIac:emerﬁetatron.“.mes Qf”’?’ 26.13,26.185
. . chromaticities Q% 0,0
y;—1 andy; for a given slice of the bunch at two consecu- Cavity voltage V’y 9 MV
tive turn_si — 1 andi, the predlcteq average velocity offset momentum compact. factor 1.92 % 10-3
of the slice at turn + £ (the prediction is made at a dif-  gjrcumference C 6.911 km
ferent location wheg is not an integer) is given, using the  # of bunch slices/bucket ~ Nijices 64
smooth focusing approximation, by # of stations/turn N 10

(CC£ - 555) Yi — CYi—1
Bys

wherec = cos(27Q), s = sin(27Qy ), ce = cos(2wEQ,,),

1)

y§+§ =

S¢ =

Table 1: Parameters used for Warp-Posinst simulations.

Fig. 1 shows a snapshot of the bunches and electron

= sin(27€Q,), and Q, and 3, are respectively the densities in the vertical plane, right after the passage of

vertical tune and beta function. A gainis assumed and the bunches through the first station. The electron wake
exhibits the focusing of the electrons by the bunches, pro-
Jducing high density spikes which result in jets of electrons
impacting the walls and generating secondaries, evegtuall
relaxing to a nearly uniform background. A line plot of the
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Figure 1: Charge density in the central vertical plane for 0 100 200 300 400 500
the bunches (top) and the electrons (bottom). The bunches Turn

move from left to right.

Figure 2: Relative emittance growth vs turn for: (top)

electron density averaged over the pipe section revedls trPé‘”Ches 35 (black) and 36 (red) with feedback OFF (solid)
N %d ON with gain g=0.1 (dash) and g=0.2 (dot); (bottom)

the average electron density rises by about 8% from bun% : .

35 1o 36. unch 36 with full dynamics for bunch 35 (red) or a non-

Simulations were performed with the feedback tumegyn_amical ("frozen) bur_1ch 3.5 (blue) with feedback OFF
off or on, with gainsg = 0.1 andg = 0.2. The relative solid) and ON (dash) with gain g=0.1.
vertical emittance growth is shown in Fig. 2 (top) for the

two simulated bunches. Both bunches experience a very 1.0 filter a

rapid emittance growth when the feedback is off, which is 081 T Mherd

heavily damped by the simulated feedback. Simulations c 06 T hherd

with the feedback off and the feedback on with= 0.1 & '

were repeated with bunch 35 being frozen. The resulting 041

emittance growth of bunch 36 are contrasted in Fig. 2 (bot- 0.2

tom) with the ones obtained previously, showing similar 0.0! ‘ ‘

emittance growth, and thus a weak influence of bunch 35 00 02 04 06 08
Frequency (GHz)

on 36.

In the simulations presented so far, the full bandwidth ] o .
of the measured transverse displacement along the bu,{@ﬁure 3: Frequency response of filters used in simulations
slices was used to predict the feedback correction, withoWfith cutoffs (at -3dB) ranging from 250 MHz to 575 MHz.
any filtering. However, a real feedback system will have

a finite bandwidth. The simulations with the feedback on ] .
with g = 0.1 were repeated using five filters with cutofismatch the emittance growth predicted for the same bunch

(filter gain ~-3 dB) around 250, 300, 350, 450 and 57536 by the simulation of the (35,36) pair. However, the emit_—
MHz (see Fig. 3). The emittance growths are shown itfance growth of bunches 36 and 37 from the (36,37) run did
Fig. 4 revealing that, for the filters that were used, a cutofffaich closely the ones from bunches 35 and 36 from the

above 450 MHz was needed to provide maximum dampirlg®:36) run.
of the instability. To investigate this paradox, single bunch simulations

were conducted with a bunch with four-fold symmetry, and
INFLUENCE OF NUMERICAL NOISE initial electron macro-electrons (assumed to fill a uniform
densityn. = 10'2 m=3) being initialized (a) on a uni-

For checking the consistency of the calculations, simdferm grid; (b) randomly refreshed at each time step; (c)
lations of bunches 36 and 37 were performed, initializedandomly using at each time step the distribution generated
with a dump of the electron distribution from a Posinst rurat t=0; (d) same as (c) and adding at each step random, one
after the passage of bunch 35. If all is consistent, the emitell wide vertical displacements; (e) same as (d), and flip-
tance growth of bunch 36 from such a simulation shoul@ing randomly at each step the sign of the electrons hor-



7 FB Bunch 35

10 3 — OFF
- == ON - no filter
<7 10° ON - filter a
o) ON - filter b
8 1 1--- ON-filterc
10 - -- ON-filterd -
8 - -- ON - filter e -7
2 -
= 10 -
~ s~ e
> 3 ~= PR R
“ 10
T T T T T 1
0 100 200 300 400 500
Turn
FB
1 Bunch 36
10 3— OFF
3--- ON - no filter
- 100,: ON - filter a
~ ON - filterb -2 °"°°
S 4 {--- ON-filterc L
U.)>‘1O 3--- ON-filterd -- =2
N -2:- - ON- "' --‘::____
= 107 4 PR g
~ E oo o
> o

0 100 200 300 400 500

Turn

(not shown) where short range noise was filtered in the de-
posited electron density used in the calculations, confirme
that long range rather than short range noise is most effec-
tive at triggering the instability.

By comparing the results obtained in this section with
the ones obtained in the preceding one, we conclude that
the lower emittance growth observed on bunch 35 was
mostly due to injecting the same electron distribution at
each time step, resulting in lower numerical noise than was
experienced by bunch 36 which is subject to a different dis-
tribution of electrons at each time step, due to the random
nature of the gas ionization and secondary emission pro-
cesses. Atechnique based on random flipping of transverse
positions of the injected electrons may be applied to put the
two bunches on an equal footing with regard to numerical
noise.

CONCLUSION

The Warp-Posinst framework has been augmented to al-
low for self-consistent multi-bunch simulations of the in-
teraction of beams with electron clouds, and the simu-

Figure 4: Relative emittance growth vs turn for bunches 3&ted feedback model was improved. Simulations of two
(top) and 36 (bottom) with feedback OFF (solid) and ONdunches circulating in the SPS showed effective damping

(dash) with gain g=0.1 and various filters.
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of electron-cloudinduced transverse instability, prexd
that the bandwidth of the feedback has a cutoff at or above
450 MHz. Analysis of the sensitivity of the onset of the
instability to numerical noise reveals that care must be ex-
ercised in the initialization of electrons and/or the asay

of emittance growth of a succession of bunches. In future
work, numerical noise may be used as a proxy for noise
that is present at various levels in the actual acceleratbr a
feedback system.

Initial comparisons with experiment show good qualita-
tive and some quantitative agreement on key aspects of the
observed instability [2]. Work is underway for implement-
ing a more realistic feedback model in Warp-Posinst using
the same prediction algorithm that is to be used in the ac-

Figure 5: Relative emittance growth for single bunch simy,a| hardware.

ulations with various methods for injecting electrons.
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